for the NHLBI nuMoM2b Heart Health Study* Background--Identifying pregnancy-associated risk factors before the development of major cardiovascular disease events could provide opportunities for prevention. The objective of this study was to determine the association between outcomes in first pregnancies and subsequent cardiovascular health.
higher for non-Hispanic black than for non-Hispanic white women. 1 Dyslipidemia, inflammation, and central adiposity are strongly related to CVD risk among women. [3] [4] [5] Identification of pathophysiology unique to women has considerable potential to augment CVD prevention. 6 Adverse pregnancy outcomes (APOs), such as hypertensive disorders of pregnancy (HDP) and preterm birth (PTB), were once regarded as obstetrical conditions with implications limited to pregnancy. However, mounting evidence suggests that, after controlling for traditional risk factors for these conditions, women who experience APOs are at higher risk for subsequent development of hypertension (HTN), CVD, and diabetes mellitus at younger ages than those without APOs. [7] [8] [9] [10] Most studies have relied on retrospectively collected data and/or self-reported reproductive history [11] [12] [13] [14] [15] [16] and thus are prone to misclassification or recall bias. Additionally, these studies have lacked assessment of cardiometabolic status during the index pregnancy, which also limits understanding of CVD risk trajectory.
The nuMoM2b-HHS (Nulliparous Pregnancy Outcomes Study-Monitoring Mothers-to-be Heart Health Study) was designed to overcome these limitations. It had a primary objective of establishing the association between pregnancy outcomes and subsequent cardiovascular health by analyzing data from a large cohort of women, with detailed clinical and biospecimen data available, who were followed prospectively from the beginning of their first pregnancy through 2 to 7 years postpartum.
Methods
The data that support the findings of this study are available from the data-coordinating center on reasonable request.
Participants and Contact
The complete methods of the nuMoM2b-HHS are described elsewhere. 17 The study was approved by all local governing institutional review boards. Briefly, contacts were made and interviews performed by telephone or email at 6-month intervals, beginning at least 6 months after delivery of the index pregnancy. During interviews, women updated contact information and answered questionnaires regarding any subsequent pregnancies, medications, medical conditions, and CVD events or diagnoses. Self-reported APOs or CVD events subsequent to the index pregnancy were verified by obtaining medical records. Details about interval contacts are contained in the methods publication. 17 Women were eligible to participate in an in-person cardiovascular assessment if they participated in the nuMoM2b study 18 (a prospective cohort of women in their first pregnancy recruited in the first trimester), had obstetrical delivery information from the index pregnancy, agreed to be contacted for future studies, did not subsequently withdraw consent during an interval contact, and were 18 years of age or older, at least 2 years from the delivery of their index pregnancy, and not currently pregnant. All participants gave written informed consent approved by each site's human subjects ethical review board.
An in-person nuMoM2b-HHS visit was conducted 2 to 7 years after the index pregnancy ended. Participants were asked to fast for 8 hours (including a long sleep period) before the visit. Demographic characteristics, health care information, current medication and supplement use, family and personal medical history (including a detailed CVD medical history), alcohol, tobacco, and drug use, and physical activity information were obtained. Participants completed validated selfadministered questionnaires detailing food intake and eating habits, sleep characteristics, perceived stress, depression, and gynecologic health. In general, we used questions previously demonstrated to be predictive of a clinical diagnosis and/or standardized in large cohort studies. 19, 20 Blood pressure, anthropometric measurements, and biological specimens were collected at the visit using standardized protocols.
Measures, Outcomes, and Definitions
Pregnancy outcomes were recorded by study personnel at the time of delivery and verified by trained, certified clinical chart
Clinical Perspective
What Is New?
• Hypertensive disorders of pregnancy and preterm birth herald an increased risk of hypertension, particularly high (45.4% by the new criteria) in women who had an iatrogenic preterm birth, many of whom experienced hypertensive disorders of pregnancy. • When compared with women who developed other adverse pregnancy outcomes, women with hypertensive disorders of pregnancy, those diagnosed with preeclampsia, and women with an iatrogenic preterm birth had a higher risk of subsequent incident hypertension.
What Are the Clinical Implications?
• The short time frame (2-7 years) to the discovery of hypertension after pregnancy among a population of young women highlights the importance of a detailed pregnancy history in preventive health screening, early diagnosis, and intervention. • First pregnancies might be utilized as an early life stress test to identify women who may benefit from preventive and screening strategies for healthy behaviors and therapies.
abstractors. For participants with HTN, proteinuria, or a related condition possibly consistent with HDP as noted in the medical record, the chart review was more extensive in order to classify HDP according to a priori study criteria or, in cases when uncertainty as to the diagnosis remained, adjudication by study investigators. HDP included all cases of preeclampsia (without severe features, with severe features, superimposed preeclampsia, or eclampsia regardless of the timing of onset) and antepartum gestational hypertension, with full details of the categorization procedure described elsewhere. 21 Other APOs considered as exposures were PTB, small-for-gestational-age birth, and stillbirth, defined per standard obstetrical definitions. 18 PTB was defined as a live birth <37 weeks +0 days gestational age and based on prior study definitions, further subclassified as iatrogenic (medically indicated) PTB or spontaneous PTB. Small-for-gestational-age birth was calculated using the Alexander growth curves from birth weight and gestational age at birth and defined at less than the 5th percentile. 22 Gestational diabetes mellitus was defined as failing standard glucose tolerance testing during pregnancy without preexisting diabetes mellitus. 23 Women with only gestational diabetes mellitus are not included in the current analysis of women with APOs. Analyses excluded women who experienced pregnancy loss before 20 weeks or pregnancy termination. Blood pressure (BP) and anthropometric measures were obtained during the nuMoM2b-HHS visit. 17 Following a standard protocol, research personnel recorded 3 standardized BP measurements using calibrated automatic devices that were the same at each site. With the participant seated, BP measurements were recorded, and the average of the last 2 systolic and diastolic pressures were used for analysis. 17 Body composition was assessed as body mass index (kg/m²) from measures of height and weight obtained using a regularly calibrated balance-beam scale for weight and a stadiometer for height measurements. Waist circumference over the iliac crest was measured to the nearest 0.1 cm using a nonstretch study measuring tape. The measurement was taken twice, and if the difference between the 2 was >0.5 cm, a third measurement was recorded. For analyses, the third measurement (if performed) or average of the first 2 measurements was used.
The primary outcome of the study was HTN that developed subsequent to the index pregnancy, as determined by BP measurement or use of an antihypertensive medication for blood pressure control at the 2-to 7-year postpartum study visit. HTN was chosen as the primary outcome due to its strong association with CVD risk and death. 24 The diagnostic threshold for HTN was a systolic BP ≥140 mm Hg or a diastolic BP ≥90 mm Hg. 25, 26 This diagnostic threshold, determined as a study outcome based on the criteria for HTN extant at the time the study was designed, was used for the primary analyses. Unless specified, incident HTN is diagnosed based on this definition. Recently updated guidelines, however, have redefined the lower threshold for HTN as a systolic BP ≥130 mm Hg or a diastolic BP ≥80 mm Hg. 24 We performed a post hoc analysis using these thresholds as well.
Relevant cardiovascular health biomarkers were analyzed using banked frozen maternal serum (lipid panel) and whole blood (glucose) collected and processed at the nuMoM2b-HHS study visit. 17 Metabolic syndrome was defined as the presence of 3 of the following 5 criteria: elevated waist circumference, elevated triglycerides or taking medication to lower them, elevated fasting glucose or taking associated glucose-lowering medication, elevated blood pressure or taking antihypertensive medication, reduced high-density lipoprotein levels or taking associated medications. 27 
Statistical Considerations and Analysis
The sample size of %5000 participants with nuMoM2b-HHS inperson visits was determined a priori by considering detectable HTN risk ratios and detectable mean differences in various continuous measures of CVD risk at 2 to 7 years postpartum for specific APOs versus comparison groups. Details are described elsewhere. 17 Briefly, assuming a 2% incidence of HTN at follow-up for the non-APO controls, unadjusted risk ratios from 2.1 to 2.7 for HTN among women with specific APOs would be detectable with 80% power, assuming prevalence of an individual APO ranging from 4% to 10%.
Index pregnancy characteristics and cardiovascular characteristics at follow-up were summarized using means and standard deviations for continuous variables, and frequency and percentage for categorical variables. After exclusion of women with chronic HTN before the index pregnancy or missing HTN information at the study visit ( Figure) , univariate associations between APOs and HTN were tested using chisquared tests for categorical variables and t tests for continuous variables. The incidence of HTN 2 to 7 years after the index pregnancy was estimated using binomial proportions and Wald 95% CIs; exact Clopper-Pearson CIs were used within small APO-specific subgroups (n≤40).
Poisson regression with robust standard errors 28 was used to estimate the risk ratios (RR) and 95% CIs of incident HTN associated with any APOs. Unadjusted and adjusted (with the covariates of age, body mass index, type of health insurance at nuMoM2b enrollment, race/ethnicity, and smoking during the 3 months before pregnancy) associations were estimated. For these analyses, associations between selected APOs and HTN were tested using 3 comparison groups. Women with a specific APO were compared with (1) women who did not have any of the APOs in the index pregnancy, (2) women without the specific APO (ie, any other APO or no APO), and (3) only women with any other APO. These comparisons provide insight into relative contributions of each APO to the outcomes. We also performed a sensitivity analysis restricted to women who did not have a reported pregnancy between the end of the index pregnancy and the nuMoM2b-HHS study visit.
We restricted these analyses to women who attended an in-person visit in order to ensure the analyses were based on objective measures of the primary outcome. Women with missing data for the primary outcome, APOs, baseline HTN, or model covariates were excluded from analyses involving those data. Analyses were performed using SAS V9.4 (Cary, NC) and R (Vienna, Austria). 29, 30 
Results
After the exclusion criteria had been applied, 8838 of the original 10 038 women enrolled in the nuMoM2b cohort were eligible for nuMoM2b-HHS, and 7003 (79.2%) completed at least 1 interval contact ( Figure) . Of these women, 4484 (64.0%) had an index pregnancy delivery at ≥20 weeks of gestation and attended the in-person study visit. Table 1 displays the overall baseline characteristics of women who attended a study visit. The demographic characteristics of the nuMoM2b-HHS cohort were representative of the overall nuMoM2b cohort 18 and similar to women who did not participate in nuMoM2b-HHS (Table S1 ). Rates of APOs in the nuMoM2b-HHS cohort were also similar to the rates in the overall nuMoM2b cohort (Table S1 ).
More than 1 in 5 women enrolled in nuMoM2b-HHS had at least 1 APO during their index pregnancy (n=1017, 22.7%, Table 1 ). HDP was the most common APO (13.6%; 6.6% with preeclampsia and 7.0% with antepartum gestational HTN), while 8.6% of women had a PTB (4.9% spontaneous PTB and 3.7% iatrogenic PTB), 4.2% had a small-for-gestational-age birth, and 0.4% had a stillbirth. Many of the 167 cases of HDP, hypertensive disorders of pregnancy; HHS, Heart Health Study; HTN, hypertension; iPTB, indicated preterm birth; nuMoM2b, Nulliparous Pregnancy Outcome Study-Monitoring Mothersto-Be; PE, preeclampsia; PTB, preterm birth; sPTB, spontaneous preterm birth; SB, stillbirth; SGA, small for gestational age. Continued iatrogenic PTB had concomitant HDP (59.9%), and the proportion was similar when only iatrogenic PTB <34 weeks of gestation was considered (61.5%). Index pregnancy characteristics of women in the study, stratified by development of individual APOs, are displayed in Table 1 . When compared with women who did not have an APO, women who developed an APO in the index pregnancy were more likely to have been younger than 21 or older than 35 years of age, have a body mass index ≥25 kg/m 2 at index pregnancy enrollment, self-identified as non-Hispanic black, had a lower level of education, had government or military health insurance, and smoked during the 3 months before the pregnancy (all P<0.05). These associations were present for most individual APOs as well. Women who had APOs were also more likely to have been diagnosed with gestational diabetes mellitus during the pregnancy than women who did not develop APOs (6.4% versus 3.7% respectively, P<0.05).
Cardiovascular characteristics of the cohort 2 to 7 years postpartum are shown in Table 2 (characteristics for all subgroups in Table S2 ). The mean time between the end of the index pregnancy and the study visit was 3.2 years (SD 0.9). A total of 1573 women (35.1%) did not have a pregnancy in the intervening time before the study visit, 1931 (43.1%) had 1 intervening pregnancy, and 980 (21.9%) had 2 or more; 54.5% were overweight or obese, an increase of 6.4% from prepregnancy. Over one-third of all participants either had high-density lipoprotein cholesterol <1.3 mmol/L (<50 mg/ dL) or were on a high-density lipoprotein-raising medication (34.5%), whereas 12.0% had elevated triglycerides or were on lipid-lowering medication. Twenty-two women (0.49%) had had a verified cardiovascular event between the index pregnancy and the study visit, 7 of which (31.8%) had occurred among women who had had an APO in the index pregnancy (RR for cardiovascular events for women with APOs compared with women who did not have APOs 1.58, 95% CI 0.65-3.87; Table S3 ).
The hypertensive status of all nuMoM2b-HHS participants is provided in Table 3 . HTN developed in 5.4% of women in the cohort after their index delivery. Of the 235 women meeting criteria for HTN, 196 (83.4%) were diagnosed by BP measurements at the study visit, and 39 (16.6%) by currently taking antihypertensive drugs. Utilizing the new diagnostic thresholds for HTN published in 2018, 24 we determined the incidence of stage II HTN was 20.2%. Women who had been diagnosed with APOs in their first pregnancy had higher mean systolic and diastolic blood pressures (P<0.05) and higher prevalence of HTN by all definitions (P<0.05). The incidence of HTN in women with any APO was 10.8% but was 14.4% for women who had had preeclampsia during their index pregnancy. Under the newer HTN definitions, these rates were 31.2% and 38.5%, respectively ( *APO is defined as hypertensive disorders of pregnancy, preeclampsia, preterm birth, spontaneous preterm birth, indicated preterm birth, small for gestational age, or stillbirth. Statistical significance for "No APO" vs each of the other categories reported as † iatrogenic PTB in their index pregnancy had HTN incidence of 45.4% by the 2018 criteria. The association of APOs (HDP, PTB, and stillbirth) in the initial pregnancy remained associated with a greater likelihood to develop HTN 2 to 7 years after pregnancy after adjustment for covariates in multivariable regression (Table 4 ; unadjusted analyses reported in Table S4 ). Table 4 presents the RRs for APOs with HTN using 3 different reference groups: comparison 1 compares women with APOs to women without any APOs; comparison 2 compares women with APOs to women without that specific APO; and comparison 3 compares women with APOs to women with other APOs.
Compared with women without any APOs in the index pregnancy, women who had any APO had a higher risk of HTN 2 to 7 years later (RR 2.4, 95% CI 1.8-3.1). Specific APOs (HDP, preeclampsia, and PTB; each compared with women without APOs) were also significantly associated with a higher incidence of subsequent HTN ( Table 4 , comparison 1). Although the risk was high for women with PTB overall, results suggest that women with an iatrogenic PTB had the highest risk of subsequent HTN (RR 4.1, 95% CI 2.8-6.2). When iatrogenic PTB cooccurred with HDP, there was also an increased risk for subsequent HTN (RR 4.3, 95% CI 2.7-6.7).
When compared with women who developed other APOs, women with HDP, those diagnosed with preeclampsia, and women with an iatrogenic PTB had a higher risk of subsequent incident hypertension (HDP: RR 1.6, 95% CI 1.0-2.4; preeclampsia: RR 1.5, 95% CI 1.0-2.1; iatrogenic PTB: RR 2.0, 95% CI 1.4-3.0) ( Table 4 , comparison 3). These results were mildly attenuated when the newer thresholds for the diagnosis of HTN (>130/80) were used (Table S5) .
To explore the degree to which the observed associations were related to pregnancies occurring between the index pregnancy and the nuMoM2b-HHS study visit, we performed a sensitivity analysis limited to women who did not have any pregnancies between these times. The adjusted RRs were similar for women without intervening pregnancies and for those in the overall cohort (data not shown).
Discussion
In this prospective study of women enrolled during their initial pregnancy, women with at least 1 APO in their first pregnancy had a significantly higher risk of HTN at the follow-up assessment than women without APOs. For the cohort in general, increased hypertension was apparent after only 2 to 7 years of follow-up. Our cohort also had high rates of dyslipidemia at their study visits.
Although the prevalence of chronic HTN at the beginning of the first pregnancy was 2.8% for women in this cohort, the incidence of HTN only 2 to 7 years after the first pregnancy was 5.4%. The subgroup of women with a HDP had a 13.1% incidence of HTN. These frequencies are even higher (20.2% and 36.5%, respectively) when the new guidelines for the diagnosis of HTN are used. 1 The short time frame to the development of hypertension after pregnancy among a population of young women highlights the potential importance of early diagnosis and intervention. These data support the growing recognition that first pregnancies might be utilized as an early life stress test to identify women who may benefit from preventive and screening strategies for healthy behaviors and therapies. [7] [8] [9] 31 Our findings build and expand on the findings of prior research. 32, 33 A systematic review of studies that included over 3 million women between 1960 and 2006 demonstrated that women who had preeclampsia had a relative risk of vascular disease of 3.7 after 14 years of mean follow-up, as well as a relative risk of 2.2 and 1.8 for ischemic heart disease and venous thromboembolism, respectively. 10 More recently, a study with a 4-to 12-year follow-up of 487 women demonstrated that those with a PTB developed relatively higher blood pressures and more atherogenic lipid profiles. 34 In the Nurses' Health Study II, women with self-recalled HDP in their first pregnancy had higher rates of HTN, type 2 diabetes mellitus, and hypercholesterolemia within 5 years after their first birth. 16 Higher mean BPs up to 20 years after pregnancy were also seen in 916 women with prior PTB. 12 Using administrative records from deliveries in Florida, 1 report noted that women with HDP had twice the risk of cardiovascular readmissions within 3 years. 35 Our results are consistent in revealing that HDP and PTB herald an increased risk of HTN. In contrast to other studies, our results are from prospectively gathered and validated data for both the pregnancy as well as the clinical outcomes. Because of this approach, we were able not only to provide estimates of association less prone to bias but also to identify additional granular associations, such as the particularly high risk of HTN (45.4% by the new criteria) in women who had an iatrogenic PTB-many of whom experienced HDP. The higher risk for iatrogenic PTB than for spontaneous PTB may be due to selection of a particularly vulnerable subgroup for preterm delivery, whereas the conditions surrounding spontaneous PTB are much more diverse. We are unaware of other groups reporting substantially increased rates of HTN for subgroups of women with particular APOs this soon after a woman's first delivery.
The interval between the index pregnancy and follow-up in our study (mean of 3 years) was less than that in most other cohorts, documenting how soon these risks may present. One small case-control study (n=142) revealed an elevated risk of hypertension at 2 years following delivery for women with preeclampsia. 36 The high rates of HTN in some of our subgroups and the fact that 22 women already had a cardiac event within our follow-up timeframe serve to underscore how critical it is to identify women with increased risk in the early postpartum time.
Bridging the disconnect between obstetric care and adult preventive care is needed. 37 As it is clear that women with APOs are at increased risk of chronic diseases, more detailed pregnancy histories may be important in preventive health screening. The American Heart Association guidelines recommend that providers take a careful and detailed history of pregnancy complications that convey CVD risk and measure BP at annual health screenings. 6 Our findings support these and similar recommendations from the American College of Obstetricians and Gynecologists 38, 39 and further highlight the importance of gathering detailed information about pregnancy outcomes, given that APOs other than HDP are clearly, and to different extents, associated with incident HTN.
The prospective nature of our large and socioeconomically diverse cohort is a clear strength. We began following women in the first trimester of their initial pregnancy, thus limiting recall bias of items such as early pregnancy high body mass index and health conditions developed during pregnancy. The rigorous collection of information both from the index pregnancy and afterwards is another strength. 18 Carefully ascertained and verified pregnancy outcomes and cardiovascular outcomes at follow-up lend validity to the associations identified in this study. Additionally, consistent objective measurement of risk factors between the index pregnancy and the nuMoM2b-HHS study visit, rather than self-report, is another strength.
Our results are subject to limitations typical of observational cohort studies. We attempted to overcome several potential biases by using a priori definitions, data collection beginning in the first trimester of pregnancy, and robust follow-up. It is possible that the women who responded to interval contacts but did not attend an in-person visit would have differed in their outcomes compared with women who did return. Based on similar demographic characteristics among women who did and did not have visits, this is less likely (Table S1 ). It is also possible that behaviors and life events, including subsequent pregnancies, during the intervening years between the first pregnancy and the in-person visit had a greater impact on the development of cardiovascular risk than outcomes of the first pregnancy. However, such associations do not negate the identified relationships between the first pregnancy and subsequent development of adverse outcomes. In fact, when the analysis was confined to women with no intervening pregnancies, the relationship between APOs and CVD risk persisted.
In conclusion, pregnancy complications during a woman's first pregnancy are associated with increased incidence of HTN within 2 to 7 years, much earlier than previously observed. Identification of high-risk APO combinations and subtypes can guide postpartum counseling, health assessments, and referrals to ensure appropriate monitoring for cardiovascular risk factor development. Furthermore, engaging women who have had APOs to assess the efficacy of lifestyle and other interventions to prevent CVD offers the possibility of improving future cardiovascular health in a focused and personalized manner. 40 
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